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Abstract.
Within the framework of the Langevin equation, we study the energy loss of
heavy quark due to quasi-elastic multiple scatterings in a quark-gluon plasma created
by relativistic heavy-ion collisions. We investigate how the initial configuration
of the quark-gluon plasma as well as its properties affect the final state spectra
and elliptic flow of D-meson and non-photonic electron. We find that both the
geometric anisotropy of the initial quark-gluon plasma and the flow profiles of the
hydrodynamic medium play important roles in the heavy quark energy loss process
and the development of elliptic flow. The relative contribution from charm and bottom
quarks is found to affect the transverse momentum dependence of the quenching and
flow patterns of heavy flavor decay electron; such influence depends on the interaction
strength between heavy quark and the medium.
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1. Introduction
It has been well established that a deconfined state of QCD matter, the quark-
gluon plasma (QGP), can be created by colliding two heavy nuclei at ultra-relativistic
energies, such as those at the Relativistic Heavy-Ion Collider (RHIC) and the Large
Hadron Collider (LHC) [1, 2, 3, 4, 5]. This highly excited form of matter shows
properties similar to that of a nearly perfect fluid, such as strong collective flow
[6, 7, 8] which has been successfully described by relativistic hydrodynamic calculations
[9, 10, 11, 1, 12, 13, 14, 15, 16].
Another interesting observation is the significant suppression of the production of
high transverse momentum hadrons in high energy nucleus-nucleus collisions compared
to that in binary-scaled proton-proton collisions at the same energies [17, 18, 19]. This
suppression is commonly understood as the energy loss experienced by high energy
partons created in the initial hard collisions as they propagate through the deconfined
hot and dense nuclear medium before fragmenting into hadrons [20, 21, 22, 23]. Parton
energy loss is thought to originate from a combination of the collisional [24, 25]
and radiative [20, 21] processes that jets experience when traversing the medium.
Sophisticated jet quenching calculations have been performed for single inclusive hadron
suppression [26, 27, 28] as well as di-hadron [29, 30, 31] and photon-hadron correlations
[32, 33, 34]. Various energy loss schemes have been utilized in those phenomenological
applications, and for a detailed comparison between different formalisms, the reader is
referred to Ref. [35] and references therein. One of the goals of these calculations is the
qualitative extraction of the jet transport parameters in the strongly-interacting QGP
medium by comparing the calculations with the measured jet modification data.
The production and the propagation of heavy quarks in relativistic heavy-ion
collisions is of similarly great interest as they are expected to improve the constraints
on our understanding of jet-medium interaction and provide further insights into
the properties of the QGP. There has been observation of significant amount of
suppression and elliptic flow for heavy flavor mesons and non-photonic electrons
[36, 37, 38, 39, 40, 41]. The suppression of heavy flavor decay electrons cannot be
explained by the medium-induced radiation alone [42, 43, 44, 45]. Heavy quarks, being
massive, suffer medium-induced radiation suppressed in the forward cone compared to
that for light partons; this is commonly referred to as the “dead cone effect” [46]. Thus,
unlike the light partons whose energy loss is more dominated by medium-induced gluon
radiation, the energy loss of heavy quarks is expected to be more dominated by collisional
energy loss at low to intermediate transverse momentum [47, 48, 49, 43, 50, 44], though
recently it has been stated that the radiation in the backward region may have a larger
impact on heavy quark energy loss than expected [51, 52].
The large suppression of high momentum heavy quarks and their significant elliptic
flow, both deduced from the measurement of non-photonic electrons, are usually
regarded as indication that heavy quarks may thermalize in the QGP [47, 48, 36, 37].
However, it was shown in Ref. [53] that the thermalization time of charm quarks
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might be longer than the lifetime of the QGP phase for reasonable values of the heavy
quark diffusion constant. Recent studies seem to indicate that the choice of a variety
of medium-related parameters affects heavy quark spectra in relativistic heavy-ion
collisions. For instance, Ref. [54] showed that with the identical transport coefficients,
different expansion scenarios can lead to a variation by up to a factor of two for the
suppression and elliptic flow of the heavy quark spectra. A similar investigation of
the medium flow effect on D-meson spectra was performed in Ref. [55]. In addition,
uncertainties exist in the calculation of initial heavy quark spectra, such as the charm-
to-bottom quark ratio [42], which may also affect the non-photonic electron spectra.
In this paper, we investigate how heavy quark spectra in relativistic heavy-ion
collisions depend on various ingredients in the phenomenological studies of heavy
flavor energy loss, such as the initial production of heavy quarks, the geometry and
the flow properties of the hydrodynamic medium, and the coupling strength between
heavy quarks and medium. We do not aim for a quantitative description of heavy
flavor quenching data due to various uncertainties that we explore here, such as the
relative contributions from charm and bottom quarks to the production of non-photonic
electrons. The measurements of the suppression and flow for charm and bottom
mesons separately will greatly improve this situation and put more constraints on the
interpretation of the data. For our purpose, we shall only consider the collisional energy
loss experienced by heavy quarks propagating through the QGP medium. Our study
should be applicable to heavy quark energy loss in the region from low to intermediate
transverse momenta. The contribution from radiative energy loss to heavy quark
evolution in medium will be included in an upcoming effort.
In the limit of multiple quasi-elastic interactions where the energy transfer during
each collision is small, the propagation of heavy quarks through a QGP medium can be
treated as Brownian motion. We will follow Ref. [53] and study heavy quark evolution
in the medium in the framework of Langevin equation [56, 57, 47, 58, 54, 55, 59, 60].
In this framework, one of the crucial parameters is the diffusion coefficient, which has
been widely discussed from a microscopic point of view [61, 62, 63, 64].
The paper is organized as follows. In Sec.2, we present the methodology utilized for
simulating heavy quark evolution in a dynamic medium as produced in relativistic heavy-
ion collisions. In Sec.3, we present the numerical results of the nuclear modification
factor and elliptic flow for heavy quarks, heavy flavor mesons, and non-photonic
electrons, where their dependence on various inputs are discussed in details. A summary
and outlook is presented in Sec.4.
2. Methodology
In this work, we only consider the collisional energy loss experienced by heavy quarks
propagating in the QGP medium. The multiple quasi-elastic scatterings of heavy quarks
inside a thermalized medium can be treated as brownian motion and be described by
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the Langevin equation:
d~p
dt
= −ηD(p)~p+ ~ξ. (1)
In principle, the noise term ~ξ may depend on the momentum of heavy quark. In this
work we do not consider such dependence and the noise term is assumed to satisfy the
following correlation relation:
〈ξi(t)ξj(t′)〉 = κδijδ(t− t′). (2)
Such treatment is sufficient in the non-relativistic limit. In the relativistic case, the
detailed momentum dependence relies on the internal structure and the properties of
the medium. The investigation of such dependence and its effect on heavy quark energy
loss and flow will be left for a future effort.
To implement a numerical simulation of the momentum evolution of heavy quarks
with the Langevin equation, the Ito discretization is adopted,
~p(t+∆t) = ~p(t)− ~dIto(~p(t))∆t+ ~ξ∆t,
〈ξi(t)ξj(t− n∆t)〉 = κ
∆t
δijδ0n, (3)
where the force due to the drag is given by
~dIto(~p) = ηD(p)~p. (4)
Assuming the energy transfer is small, it can be shown that the fluctuation-dissipation
relation applies, which indicates:
ηD(p) =
κ
2TE
. (5)
Furthermore, according to Eq.(3), Gaussian noise with width Γ =
√
κ/∆t will be used
to generate the random momentum kicks in our calculation. The diffusion coefficient is
related to the drag term via:
D =
T
MηD(0)
=
2T 2
κ
. (6)
The detailed information about the produced highly excited medium in relativistic
heavy-ion collisions is essential to heavy quark energy loss and the development of
elliptic flow. Throughout our calculation, the QGP medium is described by a fully
(3+1)-D relativistic ideal hydrodynamic model developed in Ref. [12]. In our work,
two different initial condition models, a Glauber [65, 66] as well as a KLN-CGC [67]
model, are utilized to describe the initial energy distribution of the medium before the
hydrodynamic evolution. In the Glauber model, the collision between two nuclei is
viewed in term of the individual interactions between the constituent nucleons; while
in the KLN-CGC model, the unintegrated gluon distributions inside the two colliding
nuclei are used to determine the production and distribution of the initial gluons. These
two initial state models provide the energy/entropy density profiles with different spatial
anisotropies in the transverse plane, a larger eccentricity for the KLN-CGC than the
Glauber. The comparison between the two will allow for a study of the sensitivity of
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heavy-quark observables to the initial spatial make-up of the system. We will focus on
mid-central Au-Au collisions at RHIC with a center-of-mass energy
√
sNN=200 GeV per
nucleon pair and take the impact parameter b = 6.5 fm throughout the calculation.
In the hydrodynamic simulation of the QCD medium, the initial time τ0 is chosen
to be 0.6 fm/c. Up to now, little knowledge has been attained for the pre-equilibrium
evolution and thermalization of the system. Therefore, for heavy quark motion prior
to the QGP formation, we treat it as free-streaming. Such treatment should be good
approximation as the time of the pre-equilibrium stage is short compared to the total
life time of the QGP (about 10fm/c). Any heavy quark leaving the QGP will stream
freely as well.
The hydrodynamic simulation provides us with the time-evolution and the spatial
distribution of temperature and flow velocity for the thermalized QGP medium. In such
a dynamic medium, heavy quark evolution is treated as follows: for every Langevin time
step we boost the heavy quark to the local rest frame of the fluid cell through which it
propagates. The Langevin approach is then applied to obtain the momentum evolution
of heavy quark. After that we boost it back to the global computation frame.
Since the production of heavy quarks is dominated by the processes with large
transverse momentum transfer, perturbative QCD is applied to calculate the initial
momentum distribution of heavy quarks prior to their propagation through the QGP
medium. We fit the leading-order perturbative QCD calculation with a power-law
distribution [47], and sample the initial transverse momentum of heavy quarks according
to the following parametrization:
dN
d2pT
∝ 1
(p2
T
+ Λ2)α
, (7)
where α = 3.9 and Λ = 2.1 for charm quarks, and α = 4.9 and Λ = 7.5 for bottom
quarks. In this work, we focus on the energy loss of heavy quarks at mid-rapidity and
therefore assign no initial longitudinal momentum to heavy quarks. We have checked
that the introduction of initial longitudinal momenta that are uniform around the mid-
rapidity region (−1 < η < 1) does not affect our final transverse momentum spectra
and does not affect the systematics we are about to explore. The relative normalization
(ratio) of charm and bottom quarks is not fixed, but rather serves as a free parameter
in our simulation. Later we will investigate the effect of this normalization on the
quenching and the elliptic flow of heavy flavor decay electrons.
The initial spatial distribution of heavy quarks in the transverse plane is sampled
according to the distribution of binary collisions as calculated from a Monte-Carlo
Glauber model. With the spatial and momentum initialization of heavy quarks, we
are able to simulate their time evolution inside the QGP medium in the framework
of Langevin equation as described above. After passing through the medium, their
fragmentation into heavy flavor mesons and the subsequent decay into electrons are
simulated via Pythia 6.4 [68]. By default, the fragmentation process is calculated with
the Lund symmetric fragmentation function that is modified by the Bowler spacetime
picture of string evolution [69] for heavy quark. And the hadronic and the subsequent
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semi-leptonic processes are combined for the decay of charm/bottom hadrons in which
all possible channels are taken into account. Details about the implementation are
discussed in the manual above.
In the end, the final state particles in the mid-rapidity region (−1 < η < 1)
are selected and their momentum distribution are utilized to calculate the elliptic flow
coefficient v2 and the nuclear modification factor RAA as follows:
v2(pT) = 〈cos(2φ)〉 =
〈
p2x − p2y
p2x + p
2
y
〉
,
RAA =
(dN/dpT)fin
(dN/dpT)init
. (8)
Note that when heavy quarks are directly analyzed, the denominator and the numerator
of RAA are the initial heavy quark distribution and the distribution of those surviving
from the energy loss and passing through the medium. When analyzing heavy flavor
mesons or electrons, the denominator represents the spectra of the corresponding
particles fragmented/decayed directly from the initial heavy quarks, while the numerator
represents those produced from the heavy quarks after transporting through the QGP
medium.
3. Numerical Results
In this section, we present the numerical results of the simulation of heavy quark
evolution in the QGP medium produced by Au+Au collisions at the RHIC energy.
We investigate the impact of various parameter choices of the calculation on the final
spectra and elliptic flow of heavy quarks, heavy mesons and their decay electrons.
3.1. Charm Quark Energy Loss and Flow
The energy loss of heavy quarks and the development of elliptic flow crucially depend
on the geometrical shape and dynamical evolution of the thermalized QGP medium
that heavy quarks traverse. The total energy loss of heavy quarks is mostly controlled
by the overall magnitude of the energy density of the medium, while the elliptic flow
is more sensitive to the geometry of the medium as it characterizes the anisotropy
of the final transverse momentum spectra. In typical non-central nucleus-nucleus
collisions, the overlap region of the two nuclei is anisotropic in the transverse plane,
thus resulting in the anisotropy of the produced hot and dense medium. Due to the
different pressure gradients in different directions, different radial flows are built up
during the hydrodynamic evolution of the thermalized QGP.
In such an anisotropic dynamical medium, there exist two factors affecting the
anisotropy of heavy quark energy loss: the different path lengths and the different flow
profiles experienced by the heavy quarks traveling in different directions. Longer paths
will be traveled through by heavy quarks moving in the out-of-plane (y) direction than
in the in-plane (x) direction, where the reaction plane is defined to be spanned by the
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Figure 1. (Color online) A comparison between the influence of QGP media with
and without collective flow on (a) RAA and (b) v2 of charm quarks. Both media are
generated with the Glauber initial condition.
impact parameter and the beam axis directions. Thus in absence of collective flow for
the medium, heavy quarks, after passing through such anisotropic medium, would have
larger momentum in the x direction than in the y direction, 〈p2x〉 > 〈p2y〉, resulting in
a positive elliptic flow. In addition, the collective flow of the medium also contributes
positively to heavy quark elliptic flow since the push of the radial flow is more prominent
in the x direction. Therefore, the total elliptic flow developed during the propagation
of heavy quarks in such an anisotropic hydrodynamic medium is due to a combination
of these two factors.
We can separate these two effects in the simulation by turning on or off the coupling
of the collective flow of the thermalized medium to the evolving heavy quarks. The
decoupling from the collective flow can be accomplished by not boosting the heavy
quarks into the respective rest frame of the fluid cell for the Langevin evolution.
The comparison between the heavy quark evolution with and without coupling to the
collective flow is shown in Fig.1, where the left plot shows the nuclear modification factor
RAA and the right plot shows the elliptic flow v2 of the charm quarks as a function of the
transverse momentum. We show results for two different values of diffusion coefficient
D = 1.5/(2πT ) and D = 6/(2πT ).
The effect of the collective flow of the medium on the heavy quark energy loss
can be clearly seen from the plot of the nuclear modification factor RAA (Fig.1).
It is negligible at high transverse momenta, and becomes observable at intermediate
transverse momentum regime. Due to the push by the radial flow, heavy quarks are
less suppressed (i.e. have a larger RAA) at larger transverse momenta, since the radial
flow effectively transports low momentum heavy quarks to larger transverse momenta.
Similar effects stemming from the elliptic flow of the medium are observed for the
heavy quark elliptic flow coefficient v2. At low transverse momenta, the collective
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Figure 2. (Color online) A comparison between the influence of QGP media with the
Glauber and the KLN-CGC initial conditions on (a) RAA and (b) v2 of charm quarks.
flow of the medium presents a significant influence on the charm quark v2. At high
transverse momenta, the collective flow effect is small, thus the development of charm
v2 is dominated by the geometric anisotropy of the medium. The dominance of the
medium collective flow at low transverse momentum for v2 might indicate that low
transverse momentum charm quarks are more likely to lose a significant amount of
their momenta and therefore thermalize in the medium, and thus flow more like the
thermalized medium.
A closer observation suggests that with a decrease of the diffusion coefficient, i.e.,
an increase of the coupling strength, the influence of the geometric asymmetry becomes
more dominant. For instance, Fig.1 reveals that for D = 6/(2πT ), the geometric
asymmetry of the medium contributes to only approximately half of the charm quark
v2 at the peak value (around pT = 1.5 GeV). However, for D = 1.5/(2πT ), such
contribution increases to more than 80% at the corresponding peak value (around
pT = 3 GeV). Note that such increase of the geometric contribution is not unlimited.
With further reduction of the diffusion coefficient (D < 1.5/(2πT )), i.e., a larger coupling
between heavy quarks and the medium, the energy loss of charm quarks will be so intense
that all of them will be captured by the medium. In that limit, charm quarks thermalize
with the medium during the QGP lifetime [53], and therefore, their v2 will entirely follow
the collective flow of the medium. In our simulation, the choice of D ∼ 1.5/(2πT )
provides the largest elliptic flow for the final heavy quarks.
We may further investigate the effect of the spatial medium distribution on the
heavy quark energy loss and the development of heavy quark elliptic flow by utilizing
different initial conditions for the hydrodynamic simulation of the QGP. Two different
initial condition models are widely used for the initialization of the energy density
distribution prior to the hydrodynamic evolution: the Glauber model [65, 66] and KLN
parametrization of the Color Glass Condensate (CGC) model [67]. These two models
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provide initial energy density profiles with different anisotropies in the transverse plane.
In particular, the KLN-CGC model exhibits a larger eccentricity ǫ2 = 〈y2−x2〉/〈y2+x2〉
than the Glauber model, which will manifest itself in larger elliptic flow coefficients for
the heavy quarks.
The comparison between these two initial condition models is shown in Fig.2, where
the left frame of the figure shows the nuclear modification factor RAA and right shows
the elliptic flow v2. As expected, a significantly larger elliptic flow is observed for the
charm quarks traveling through the hydrodynamic medium with the KLN-CGC initial
condition than those with the Glauber initial condition. As indicated by Fig.2, the
difference can be as large as 20% for D = 6/(2πT ) and 40% for D = 1.5/(2πT ). We
also observe that while v2 is sensitive to the choice of the initial condition, the nuclear
modification factor RAA is not significantly affected by the choice of these two hydro
initial conditions. This is due to RAA being controlled by the overall normalization of
the density profile in the hydrodynamic evolution which has been tuned to describe the
properties of bulk matter, such as the π and K spectra.
3.2. D Mesons and Heavy Decay Electrons
In the above discussion, we have focused on the effects of initial conditions and medium
parameters on heavy quark energy loss and the development of heavy quark elliptic flow.
Now we investigate the corresponding sensitivities of heavy flavor mesons and their
decay electrons. Since the KLN-CGC initial condition provides a larger eccentricity
for the initial energy density profile and thus produces a larger elliptic flow of heavy
quarks during their medium evolution, we use it for the remainder of our analysis. This
is merely to obtain the largest possible values of the final elliptic flow, since most of
the previous calculations seem to under-predict the elliptic flow data of non-photonic
electrons once the model parameters have been tuned to describe the measured nuclear
modification factor.
Figures 3 and 4 display the numerical results of the nuclear modification factor
RAA and elliptic flow v2 for D mesons and D-decay electrons. Three different values
of diffusion coefficients are used for comparison D = 1.5/(2πT ), D = 3/(2πT ), and
D = 6/(2πT ). We observe that the transverse momentum dependence of RAA and v2
are similar to that for charm quarks as shown in the previous figures.
Figure 5 provides a more direct comparison of the nuclear modification of RAA
and elliptic flow v2 between charm quarks, D meson and D-decay electrons. Here the
result is shown for a diffusion coefficient of D = 1.5/(2πT ); other values of the diffusion
coefficient display similar systematics. One observes that all the nuclear modification
factors RAA curves decrease with increasing transverse momentum, and saturate above
pT ∼ 3 − 4 GeV, while the elliptic flow curves first increase, reach a peak and then
decrease (and saturate). The peak values of v2 is the largest for charm quarks and the
smallest for electrons. This decrease of the momentum anisotropy can be understood as
a result of additional randomization of the momentum space during the hadronization
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Figure 3. (Color online) (a) RAA and (b) v2 of D0 mesons. The QGP medium is
generated with the KLN-CGC initial condition.
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Figure 4. (Color online) (a) RAA and (b) v2 of electrons decayed from charm quarks.
The QGP medium is generated with the KLN-CGC initial condition.
and decay processes. ‡ Moreover, the values of the transverse momentum at which v2
reaches the peak value shift to lower regimes from charm quarks to D mesons and to
D-decay electrons. This pattern is caused by the decrease of the momentum from the
parent particles to the daughter particles during heavy quark fragmentation and heavy
flavor meson decay processes.
For the heavy flavor decay electron spectra, another important factor is the
relative contributions from charm vs. bottom quarks. Since charm and bottom quarks
‡ This order is obtained with the fragmentation mechanism only for heavy flavor hadronization and
may change with the introduction of the coalescence mechanism. We shall discuss this effect in detail
in a coming work.
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Figure 5. (Color online) A comparison of (a) RAA and (b) v2 between charm quarks,
D0 mesons and electrons. The QGP medium is generated with the KLN-CGC initial
condition.
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Figure 6. (Color online) A comparison of (a) RAA and (b) v2 of non-photonic electrons
between different initial charm/bottom ratios. Set D = 6/(2piT ) and the QGP medium
is generated with the KLN-CGC initial condition.
have different masses, they are produced with different initial transverse momentum
distributions, and experience different energy loss and coupling to the collective flow in
medium. This manifests itself in different RAA and v2 systematics for D and B mesons
respectively and subsequently translates into different behavior for their respective decay
electrons. The electrons at lower transverse momentum are dominated by charm quark
decay, while in the high transverse momentum regime bottom quark dominates as the
source of these electrons. Since there are multiple uncertainties affecting the relative
normalization of charm and bottom quark production, for example the scale dependence
in the perturbative QCD calculation of initial heavy quark production [42], we treat the
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Figure 7. (Color online) A comparison of (a) RAA and (b) v2 of non-photonic electrons
between different initial charm/bottom ratios. Set D = 1.5/(2piT ) and the QGP
medium is generated with the KLN-CGC initial condition.
ratio of charm and bottom quarks as a free parameter for our calculation, and investigate
how the variation of this ratio affects the final non-photonic electron distributions.
The results are shown in Fig.6 and Fig.7 for two different values of diffusion
coefficients, D = 1.5/(2πT ) and D = 6/(2πT ), respectively. We compare four different
initializations here – pure charm, pure bottom, and two mixtures of charm and bottom
quarks: 99.2% charm quarks with 0.8% bottom quarks, and 98.5% charm quarks with
1.5% bottom quarks. As shown in [42], the bottom quark contribution to the electron
spectra may start dominating over charm quark contribution at transverse momentum
as low as 3 GeV or as high as 9 GeV. Our two hybrid mixtures of charm and bottom
quarks have about a factor of 2 difference in their ratio, representing an estimate of the
uncertainties due to our limited control of the proton-proton baseline.
One observes from these two figures that the nuclear modification factor RAA and
the elliptic flow v2 of heavy flavor decay electrons are very different for the pure charm
vs. pure bottom scenario. Bottom quarks are less suppressed than charm quarks at high
transverse momenta, thus less enhancement is observed at low transverse momenta in
the RAA. The magnitude of the elliptic flow coefficient v2 is much smaller for electrons
from bottom decay than from charm decay, again due to the reduced energy loss
experienced by the bottom quarks. In addition, we observe a difference in the transverse
momentum dependence: while the elliptic flow coefficient v2 of electrons from charm
decays has a peak value at intermediate transverse momentum, that for bottom decays
increases monotonically with increasing transverse momentum (and then saturates).
This result from the fact that charm quarks contribute mostly to the production of
low transverse momentum electrons while bottom quarks contribute mostly to high
transverse momentum electrons.
Due to the different behavior of charm vs. bottom decay electrons, the electrons
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from a mixture of charm and bottom decays exhibit a very rich structure. Both RAA
and v2 trend similar to the pure charm initialization at low transverse momentum and
converge to the values of the pure bottom quark scenario at high transverse momenta.
In the intermediate transverse momentum region where the transition from charm
dominance to bottom dominance in the origin of the decay electrons takes place, a
non-monotonic transverse momentum dependence of RAA and v2 is observed: a dip-
peak structure for RAA and a peak-dip structure for v2. Such a non-monotonic behavior
is more prominent for the smaller value of the diffusion coefficient D = 1.5/(2πT )
(Fig.7), since a smaller value of the diffusion coefficient increases the interaction with
the medium and thus the energy loss of charm quarks and their elliptic flow, while
such an enhancement is far less for bottom quarks due to their larger mass. Current
experimental results seem not able to determine whether such a peak-dip structure is
present or not in the non-photonic electron elliptic flow v2 due to large experimental error
bars. Further improvement of the measurement of the detailed transverse momentum
dependence of non-photonic electrons would be helpful for the determination of the
diffusion coefficient and therefore the coupling strength between heavy quarks and the
QGP medium.
Another important effect seen in Fig.6 and Fig.7 is the significant sensitivity
of heavy flavor decay electron v2 to the initial charm-to-bottom quark ratio. For
instance, a 0.7% difference in the mixing ratio between charm and bottom quarks in
our simulation leads to a variation of approximately 25% in v2 for a diffusion coefficient
of D = 6/(2πT ) and over 30% for D = 1.5/(2πT ). As has been discussed earlier,
significant uncertainties regarding the initial heavy quark spectra are still present in our
current phenomenological calculations, and thus provide a sizable uncertainty for the
prediction of the quenching and elliptic flow of non-photonic electrons.
4. Summary and outlook
In this work, we have studied the energy loss of heavy quarks in a hot and dense
medium produced in relativistic heavy-ion collisions. The Langevin approach is utilized
to simulate the heavy quark evolution in the medium due to quasi-elastic multiple
scatterings. Numerical results are presented for both the nuclear modification factor
and the elliptic flow of heavy quarks, heavy flavor mesons and their corresponding
non-photonic decay electrons. We have investigated in details how the final nuclear
modification factor and elliptic flow are affected by various components of the model,
such as the geometry and the collective flow of the hydrodynamic medium, the initial
production ratio of charm to bottom quarks and the coupling strength between the
heavy quarks and the medium.
We have focused on two particular properties of the medium that affect the heavy
quark energy loss – its geometric anisotropy and its collective flow. It is found that
the geometric anisotropy dominates the final heavy quark distributions in the high
transverse momentum region, while the collective flow of the medium dominates the
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low momentum region. The impact of the QGP geometry on the heavy quark energy
loss has been explored by comparing the Glauber and the KLN-CGC initialization of the
hydrodynamic medium. We found that while a similar nuclear modification factor RAA
is observed for both initial condition models, a significantly higher heavy quark elliptic
flow v2 is found for the KLN-CGC model. We have further investigated the sensitivity
of the spectra and elliptic flow of non-photonic electrons to the relative contributions
from charm and bottom quarks. It is found that a less than 1% difference in the
initial charm-to-bottom ratio can lead to more than 30% variation of the non-photonic
electron spectra. Therefore, narrowing down these uncertainties is essential for a better
understanding of the interaction dynamics between heavy quarks and the QGP medium.
Though we have not preformed a detailed quantitative comparison to the
experimental measurements, most of our results can be tested with future measurements.
For instance, the spectra of the heavy flavor decay electrons show a dip-peak structure
of RAA and a peak-dip structure of v2 (see Fig.7) for large values of the quark-medium
coupling; such structures would disappear if the coupling becomes weaker (Fig.6). Due
to the large error bars of the data in the high transverse momentum region, current
experimental observations can not yet distinguish between these two scenarios. Future
high precision measurements that can be compared to this prediction will help determine
the coupling strength between heavy quarks and the QGP medium.
While our study constitutes an important step towards the quantitative
understanding of the interaction dynamics of heavy quarks in a hot and dense medium,
it can be further improved in several directions, which we leave for future work. Here,
we have utilized the Langevin approach for the simulation of heavy quark evolution as
affected by multiple quasi-elastic scatterings in the QGP medium, in which many details
regarding the microscopic structures of the interaction between heavy quarks and the
medium are encoded in the diffusion coefficient. However, the heavy quark scattering
cross section in the non-perturbative regime remains largely unknown, resulting in
different predictions of this transport coefficient – it varies from less than D = 2/(2πT )
based on a lattice QCD calculation [64] to over D = 7/(2πT ) according to the T -matrix
method [55], and therefore leading to large uncertainties in the prediction of the final
state spectra. Another interesting effect on the heavy quark evolution in medium is the
radiative energy loss induced by multiple scatterings. This effect has been discussed
in other frameworks like the Boltzmann equation [70], but is still absent in the current
Langevin algorithm and may be important, especially in the high transverse momentum
regime. In addition, the coalescence mechanism for heavy flavor hadronization may have
non-negligible impact at low energies and therefore affect the final state observables.
In a follow-up work, we shall address some of these questions, in particular how to
incorporate gluon radiation for heavy quark energy loss and the coalescence mechanism
for its hadronization into our current Langevin framework. This will set the basis for a
direct comparison to experimental data from both RHIC and LHC.
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